Pellets are one of the main types of iron-ore raw materials used in ferrous metallurgy.
Introduction
Steel is the most widespread constructional material and over 90% of steel is made as per 'blast furnace -oxygen converter' and 'DRI/HBI production in shaft furnaceselectric arc furnace' process routes [1] . Therefore, improved efficiency of agglomerated iron-ore raw material production is an important problem and cost efficiency of the TIM'2018 metallurgical industry as a whole depends on solution of this problem [2] . In Russia, the overall production of agglomerated iron-ore raw materials exceeds 100 Mtpa, of which the production of iron-ore pellets is over 40 Mtpa [3] . In addition, over the period from 2015 to 2018 the overall production of iron-ore pellets in Russia increased by more than 10 Mpta due to start-up of Induration Machine No.3 at Mikhailovsky GOK (Zheleznogorsk) and Induration Machine No.3 at Stoilensky GOK (Stary Oskol) [4, 5] .
Moreover, plans for higher pellet consumption have been announced [6] .
Content
For the last 10 years the requirements for product quality, process performance, heat and power parameters, environmental performance and conditions for production of metallurgical raw materials have changed drastically. Firstly, due to a sharp rise in prices for energy resources, enhancement of energy efficiency has become one of the high-priority tasks of any producer. Secondly, product quality standards increased significantly, which is determined by a slowdown in growth rates of iron-ore raw material consumption and transition of the industry from extensive development (production ramp-up, expansion into new markets) to intensive development (cost reduction, pellet quality improvement). Thirdly, for the last 10 years DRI production has grown by more than 60%, thus providing an increase in demand for high-quality pellets used for further metallization. Fourthly, market saturation and competition have made pellet producers expand the circle of their customers and range of their products, which requires a flexible system of production rearrangement. All these determined the search for new approaches to arrangement of gas and air flows and thermal systems in conveyor-type induration machines, the analysis of which is the purpose of this article.
The conveyor-type induration machines used in Russia and abroad (hereinafter referred to as CIM) have a number of technological and structural drawbacks that do not allow producing high-quality pellets of various purposes with necessary efficiency.
The increase in costs during production is determined by:
1. of the conveyor-type induration machine as well as properties of green pellets depending on concentrate quality, burden composition and preparation;
2. large consumptions of electric energy and gas;
3. low quality of produced pellets; and 4. significant quantity of dust and gas emissions into the environment. The main drawbacks of CIM designs used in Russia and abroad are:
1. low efficiency in drying the layer of green pellets, imperfect design of separate sections and drying zone as a whole;
2. inadequate use of heat of CIM's gas and air flows, including high-temperature (overflow) air; 3. unbalanced relationship between the areas of the process zones regarding recirculation flows of the heat medium;
4. large quantity of burners; and 5. significant volume of hot gases discharged into the atmosphere.
In order to satisfy the modern requirements for productivity, product quality, heat and energy parameters and environmental safety of production, the existing CIM shall be fully reconstructed or replaced. The integrated technology for production of variouspurpose fired pellets was developed with the use of mathematical modelling and elaborated methodology, including:
1. analysis of possibility to use mineral raw materials of different origin and properties for production of various-purpose pellets;
2. determination of economically feasible conditions for production of adequate concentrates;
3. development of the optimum burden composition considering concentrate quality and requirements for green and fired pellets;
4. calculation of the optimum conditions for heat treatment considering parameters of the initial raw materials and providing the required quantity of the final product; and 5. development of the CIM design providing the required conditions for heat treatment and enabling to produce pellets of required quality with minimum energy consumption and environmental impact.
For creation of the brand new energy-efficient thermal system having no counterparts in the world, the advanced technical developments of TOREX R&D Company were used. These developments were tested and implemented during modernization of existing iron-ore pelletizing facilities at a number of plants [7] [8] [9] . 1. an overflow system, including a central collector and two lateral collectors providing the maximum utilization of the heat of fired pellets from the cooling zone with its selective distribution in a fanless way over the process zones of the induration machine and 2. a gas flue system providing recirculation of the heat medium with a high degree of the utilization of waste heat from the heating, firing and recuperative zones, which provides the minimum quantity of gases discharged into the atmosphere.
Depending on the type of the initial raw material, we developed different options of the new thermal system. In particular, when the pellets are produced from banded iron formations of the Kursk Magnetic Anomaly, with regard to a low specific surface of the concentrate contributing to a high shock temperature, the technical solutions enable to intensify significantly the drying process. For this purpose, the new machine MOК-1-592M of Mikhailovsky GOK was designed with a three-section drying zone with special exhaust fans transporting gases with a high temperature up to 550 ∘ , which made it possible to exclude mixing of gases with different temperatures and intensify drying of the pellet layer without pellet softening and destruction [13, 14] .
TIM'2018 MOК-1-592M put in operation at Mikhailovsky GOK in April 2016 surpasses the world's best counterparts in energy efficiency and specific consumption of energy resources: specific consumption of natural gas is 8-9 nm 3 /t of pellets, specific consumption of electric energy for production from the pulp to fired pellets is less than 36 kW⋅h/t of pellets. Moreover, the strength properties of the produced pellets meet the requirements for raw materials used in blast-furnace production and metallization. The range of used concentrates includes a common magnetite concentrate, an upgraded floatation concentrate and, in future, a hematite concentrate. the process of drying [15, 16] . The total layer height reaches a higher value than at one-layer charging with significantly lower overmoisturizing of the pellets. The height of each layer can be up to 250 mm. The total height of the pellet layer will be 500 mm, which enables to increase significantly the productivity of the induration machine.
Apart from the productivity growth, the advantages of this solution are as follows:
1. minimum overmoisturizing of the layer;
2. significantly higher intensity of the drying process;
3. improved quality of the fired pellets; and 4. reduced fuel consumption by 25-30%.
TIM'2018 T 2: Main process parameters during processing of different ores and production of various-purpose pellets.
Process stage
Ore type
Non-oxidized BIF Oxidized BIF Ore disintegration and classification; with production of products ground to the given size:
-specific surface, cm 2 /g 1500 1850
Magnetic and floatation concentration with production of iron-ore concentrate slurry containing, % As the velocities of filtration in the first drying zone (hereinafter referred to as C-1) and the second zone after additional charging (hereinafter referred to as C-2) are and at the entry to (C-2) -360 ∘ C. The length of (C-1) was chosen in such a way that the drying degree of the bottom 'half-layer' before (C-2) was ensured within 80-100%.
The calculation results are given in Figure 2 . The analysis of these results has shown that the layer height in (C-1) shall be taken ≥210 mm, that is, the height of the second 'half-layer' will be ≤160 mm (Figure 2(a) ). The level the drying end is always virtually at the boundary between the 'half-layers', that is, at the bottom of the top 'half-layer' that sets limits to the end of the drying process (Figure 2(b) ). (The drying process is deemed to be completed when 80% of moisture is removed.)
The increased quantity of free moisture at the growth of the first (bottom) layer height ( Figure 2(a) ) can be explained by a lower gas temperature at the layer exit, which is accompanied by a higher intensity of water vapor condensation at lower levels. In addition, after charging of the top layer we observed more intensive condensation of water vapor at cold lower levels of the first layer.
The further analysis has shown that for maintenance of the required drying parameters and induration machine operation parameters the layer heights can be taken 255/145. In this case, the total height of the layer considering the bed of 70 mm will be 470 mm. However, implementation of this measure will require higher sides of pallet cars and uplifting of induration machine hearths.
The thermal system of the modernized machine of 430 m2 area is shown in Figure   3 . The operating parameters of the machines before and after the reconstruction are given in Table 1 .
The experience in thermal system modernization for hematite pellet production enabled to develop a pelletizing technology using oxidized banded iron formations at MOК-1-592M. Specific features of production of different concentrates and pellets were taken into account for development of the integrated technology, which determined its flexibility and application for production of high-quality pellets from different ores.
The technology makes it possible to get high-quality pellets with a low content of silicon and high content of iron using concentrates of oxidized banded iron formations [17] for blast-furnace production and metallization (Table 2 ).
